INTRODUCTION
============

It is only natural for *Homo sapiens*, the most inquisitive of anthropoids, to seek to unravel the evolution of intelligence and brain structure in its closest kin. The evolution of the brain in primates has long been investigated from anatomical, physiological, and behavioral perspectives ([@R1]--[@R4]), while recent molecular studies have begun to reveal the genomic underpinnings of its complex transformations. Mutations of regulatory genes (*microcephalin* and *ASPM*), for example, are implicated in primary microcephaly in humans, a phenotype widely considered atavistic, or reflective of an earlier evolutionary stage in hominid history ([@R5], [@R6]). Although certain features of the ancestral primate brain may be deduced from the study of modern forms in a phylogenetic context, direct evidence pertinent to various evolutionary analyses and theories can only come from fossils ([@R1], [@R2]).

The endocranial cast, or endocast, preserved within fossilized braincases, provides an invaluable window into the brain structure of ancient taxa. Fortuitously, mammalian endocasts provide not only general information about brain shape and size but also details about the position and form of cranial nerves, blood vessels, sinuses, and even sulcal patterns ([@R1], [@R2]). Well-preserved endocasts often resemble the exterior of fresh brains covered in dura mater ([@R7]). Because natural endocasts of extinct primates are exceedingly rare, particularly for early anthropoids, knowledge of the "fossil brain" of key extinct forms is extremely limited. In exceptional preservational circumstances, however, endocasts of fossil anthropoids provide a rich repository of information essential for understanding brain evolution.

The two subgroups of crown anthropoids, platyrrhines (New World monkeys) and catarrhines (Old World monkeys and apes, including humans), have evolved many features in parallel since their divergence at least 36 million years (Ma) ago ([@R8]). Some platyrrhines, such as tool-using capuchins, have remarkably enlarged brains relative to their body mass ([@R9]). Although the brains of extant platyrrhines are well studied ([@R10]), ancestral conditions for the group remain poorly understood, in large part, because of the scarcity of skulls and endocasts of early fossil forms. Among the rare pre-Pleistocene platyrrhine skulls known, brain structure has been investigated only in *Dolichocebus gaimanensis* on the basis of cursory inspection of the eroded skull surface exposing the endocast ([@R1]).

Herein, we present results of the first high-resolution computed tomography (CT) scanning study of the endocranial morphology of *Chilecebus carrascoensis* and analyses of virtual three-dimensional (3D) reconstructions deriving therefrom. *C. carrascoensis*, from early Miocene (20.09 Ma) volcaniclastic deposits of the central Andes, known from a single skull (SGOPV 3213), is by many measures the best-preserved Neogene platyrrhine known ([@R11]). On the basis of the most comprehensive haplorhine primate data matrix assembled to date (comprising 60 taxa and 1844 characters, including 473 dental, 201 cranial, 309 postcranial, 203 soft tissue, and 658 short and long interspersed nuclear elements), we conducted phylogenetic analyses of the group via Bayesian inference and parsimony analysis. *Chilecebus* was identified as one of the earliest diverging stem platyrrhines known (figs. S1 to S3), thereby making this taxon especially important for assessing ancestral cerebral features for the clade.

RESULTS
=======

Endocast of *Chilecebus*
------------------------

On the basis of direct digital volumetric reconstructions from high-resolution x-ray CT scans, the endocast of *Chilecebus* ([Fig. 1](#F1){ref-type="fig"} and fig. S4) occupies 7862 mm^3^, near previous indirect estimates ([@R11], [@R12]). A modern brain of this volume would weigh 7.96 g.

![Virtual cranial endocast of *Chilecebus* based on high-resolution CT scanning images.\
Gray shadows indicate reconstructed portions. (**A**) Dorsal. (**B**) Ventral. (**C**) Left lateral. (**D**) Right lateral. (**E**) Anterior. (**F**) Posterior. as, arcuate sulcus; cg, cavernous groove; cs, central sulcus; fos, fronto-orbital sulcus; fr, foramen rotundum; hf, hypoglossal foramen; iam, internal acoustic meatus; icc, internal carotid canal; ips, inferior petrosal sinus; jf, jugular foramen; ob, olfactory bulb; of, optic foramen; pf, paraflocculus; pgf, postglenoid foramen; pss, petrosquamous sinus; rs, rhinal sulcus; sf, sagittal fissure; sof, superior orbital fissure; Ss, Sylvian sulcus; ss, sigmoid sinus; st, sella turcica; sts, superior temporal sulcus; ts, transverse sulcus; v, vermis.](aav7913-F1){#F1}

In dorsal view, the endocast of *Chilecebus* is egg shaped ([Fig. 1A](#F1){ref-type="fig"} and fig. S4A), and the frontal pole is narrower than the occipital. The frontal lobe does not overlap the olfactory bulbs. The wide occipital portion forms the endocast's rounded posterior end and completely covers the cerebellum.

The frontal lobe is a little expanded dorsally, making the anterodorsal part of the endocast fairly flat ([Fig. 1, B and C](#F1){ref-type="fig"}, and fig. S4, B and C). The temporal portion is distinctly expanded ventrally, forming a rounded lobe. The dorsal profile of the parietal portion of the endocast is nearly horizontal and subtly saddle shaped, as the occipital and the posterior part of the frontal lobes are slightly elevated over the parietal area. Although the occipital lobe is expanded posteriorly and laterally relative to the cerebellum, its posterior surface is relatively flat. The paraflocculus of the cerebellum appears as a distinct thumb-like eminence ventral to the lateral border of the occipital lobe.

Ventrally, the olfactory peduncles are present as two short narrow ridges corresponding to a depression on the ethmoid roof, which, in life, housed the two olfactory tracts posteriorly ([Fig. 1D](#F1){ref-type="fig"} and fig. S4D). Lateral to the olfactory peduncles and anterior to the temporal lobes, two large concavities beneath the frontal lobes accommodated the deep orbits. The ventral surface of the temporal lobe is generally flat. The temporal lobes occupy \~40% of the width of the ventral surface of the endocast at their widest point. The space between the two temporal lobes is narrow. At the center of this region, a low, oval, ventrally projecting bulge represents the sella turcica (hypophyseal fossa). Posterior to the sella turcica, a narrow but deep indentation marks the dorsum sella and posterior clinoid process. Shallow depressions lateral to the sella turcica define the medial boundary of the cavernous sinus. The cavernous sinus, a topographically irregular region, is traversed by numerous veins, nerves, and the internal carotid artery. Posterior to the cavernous sinuses and sella turcica lies the cast of the shallow groove of the basilar part of the occipital bone. This fairly broad, flat surface supports the pons and medulla oblongata.

The occipital lobes of the cerebrum and the posterior part of the cerebellum are visible in posterior view ([Fig. 1F](#F1){ref-type="fig"} and fig. S4F). The centrally located vermis occupies approximately one-third of the posterior surface of the cerebellum. The cerebellar hemispheres are set apart from the vermis by two shallow, dorsomedially curving grooves.

The sulcal pattern of the brain is well preserved in *Chilecebus* (fig. S4). The sagittal fissure, which divides the cerebrum into left and right hemispheres, leaves a deep and broad depression on the frontal and occipital parts of the endocast. A short sulcus extends posteromedially along the anterolateral border of each frontal lobe. The position of this structure suggests that it represents the dorsal extension of the fronto-orbital sulcus. A rectus sulcus typically occurs in this region in modern primates, where it parallels (rather than crosses) the orbital margin of the frontal lobe. In *Chilecebus*, these dorsal sulci traverse the orbital margin of the frontal lobe but ventrally are continuous with the fronto-orbital sulci (particularly clearly visible on the better-preserved right side). Posterior to these dorsal extensions of the fronto-orbital sulci, a pair of long, prominent sulci originates near the sagittal fissure, about one-third the length of the endocast from the anterior pole of the frontal lobe, and then course anterolaterally (best seen in [Fig. 1C](#F1){ref-type="fig"} and fig. S4C). The position and shape of these paired structures suggest that they represent central sulci. They curve and diverge anterolaterally for a considerable distance, at which point they turn sharply laterally to join much straighter sulci. These latter furrows, interpreted as the arcuate sulci (equal to inferior precentral sulci), approach the lateral border of the frontal lobe. Prominent Sylvian sulci lie posterior and ventral to the central and arcuate sulci, course posterodorsally, and divide the frontal and temporal lobes. On the temporal lobe, the superior temporal sulcus runs posterodorsally, roughly paralleling the Sylvian sulcus, but the former extends farther dorsally. A shallow groove crosses (anteroposteriorly) the ventral surface of the temporal lobe. This groove is likely the rhinal sulcus ([Fig. 1D](#F1){ref-type="fig"} and fig. S4D), which separates the medial piriform cortex from the lateral neocortex of the cerebrum. The parietal and occipital portions of the endocast are smooth, lacking clear evidence of sulci.

Casts of the cranial nerves, vessels, and sinuses are best seen in ventral view. The cavernous sinus is continuous anteriorly with the canal-like cavernous groove, which, in turn, leads to the superior orbital fissure ([Fig. 1, D and F](#F1){ref-type="fig"}, and fig. S4, D and F). Lateral to the cavernous groove is a thinner canal, round in cross section, representing the foramen rotundum (preserved on the right side only). Superomedial to the casts of the superior orbital fissure and foramen rotundum lie two circular cross sections, identified as the optic foramina.

Long canals diverge from either side of the posterior end of the cavernous sinuses; they extend posterolaterally from the lateral side of the posterior clinoid processes to the ventrolateral side of the internal acoustic meatus. These structures are interpreted as passages for the internal carotid artery ([Fig. 1D](#F1){ref-type="fig"} and fig. S4D). Posterior to the cavernous sinuses and immediately lateral to the pons and medulla oblongata, the inferior petrosal sinuses are present as prominent longitudinal keels. These sinuses connect the cavernous sinuses anteriorly and the jugular foramen posteriorly. The jugular foramen indicates that this aperture was fairly large and opened anteriorly. The sigmoid sinuses also are visible in ventral view ([Fig. 1D](#F1){ref-type="fig"} and fig. S4D). The conical internal acoustic meatus lies anteromedial to the paraflocculus. The hypoglossal foramen appears as a small projection medial to the jugular foramen and anterior to the foramen magnum.

A long, gently arched, tube-like structure spans the posterior end of the temporal lobe to the occipital region of the endocast, paralleling the lateral border of the cerebrum and passing directly above the paraflocculus. This feature is most completely preserved on the specimen's left side ([Fig. 1B](#F1){ref-type="fig"} and fig. S4B). The position and form of this tube suggest that it is the petrosquamous sinus, a large intracranial venous drainage channel ([@R13], [@R14]) that drains the sigmoid sinus via the postglenoid foramen. The petrosquamous sinus is typically present in extant strepsirrhines and tarsiers ([@R14]). Direct (i.e., impressions on fossil endocasts) and indirect (i.e., presence of a postglenoid foramen) evidence demonstrates that this sinus is more widely distributed, also occurring among adapiforms, omomyids, basal anthropoids, and most platyrrhines ([@R1], [@R13], [@R14]). The early stem platyrrhines *Dolichocebus*, *Tremacebus*, and *Homunculus* ([@R14]) all have a petrosquamous sinus, a feature absent in catarrhines but present in some crown platyrrhines. The petrosquamous sinus in *Chilecebus* is noteworthy for its large size and for being enclosed within a canal, the latter of which does not occur in crown platyrrhines.

Comparison with stem anthropoid, basal catarrhine, and other platyrrhine primates
---------------------------------------------------------------------------------

The early Oligocene *Parapithecus grangeri* is generally regarded as a proximal outgroup of the minimally inclusive crown anthropoid clade including catarrhines and platyrrhines ([@R15], [@R16]). The absolute endocast volume of *Parapithecus*, \~11,400 mm^3^ ([@R16]), far exceeds that of *Chilecebus*. A virtual endocast based on high-resolution CT scanning images of a nearly complete skull of *Parapithecus* has been reported ([@R16]) but has not yet been described in detail. From published figures ([@R16]), we deduce that the endocast was virtually smooth and likely lissencephalic. The frontal lobe of *Parapithecus* appears lower and narrower than in *Chilecebus*. The frontal lobe of *Parapithecus* is barely expanded anteriorly over the large olfactory bulbs. In lateral profile, the occipital and parietal lobes of *Parapithecus* are not elevated relative to the cerebellum, suggesting that these portions of the brain are less expanded than in *Chilecebus*.

The endocranial cast of *Aegyptopithecus zeuxis*, a widely accepted stem catarrhine ([@R15], [@R17]), is more than twice the absolute volume of the stem platyrrhine *Chilecebus* ([@R17]). Comparative lateral profiles of the endocasts of *Aegyptopithecus* and *Chilecebus* (fig. S5A) highlight their differences. The olfactory bulbs of *Aegyptopithecus* are much larger in proportion to the endocast as a whole. The occipital portion of the *Aegyptopithecus* endocast is less expanded than in *Chilecebus*, its dorsal margin not rising over that of the cerebellum. The temporal lobes of both taxa are similar in the degree of ventral expansion and size. The occipital lobe of *Chilecebus*, however, is more dorsally expanded than that of *Aegyptopithecus*, while the reverse is true of the frontal lobes. In *Aegyptopithecus*, the portion of the brain dorsal to the nasion-opisthocranion axis is larger than the portion ventral to it, whereas in *Chilecebus*, the reverse is true. Well-defined central, Sylvian, superior temporal, intraparietal, and lunate sulci are present in *Aegyptopithecus* ([@R1], [@R18]). Its central sulcus is similar to, but more anteriorly positioned than, that of *Chilecebus*. The arcuate sulcus, apparently absent in *Aegyptopithecus*, is present in *Chilecebus*. The Sylvian sulcus of both taxa extends a similar distance dorsally, but the superior temporal sulcus of *Aegyptopithecus* is much longer posterodorsally. The intraparietal and lunate sulci, present in many extant primates, are prominent in *Aegyptopithecus* but are absent in *Chilecebus*.

Although other pre-Pleistocene platyrrhine skulls are known, only very limited information from the endocast of a single taxon, *D. gaimanensis*, is available for comparison. Judging from the outline of the reconstructed endocast ([@R1]), the lateral profile of *Dolichocebus* closely matches that of *Chilecebus* (fig. S5B). The sulcal pattern of *Dolichocebus* is incompletely reconstructed, with only the Sylvian sulcus recognized ([@R1]). It originates in a position similar to that in *Chilecebus* but is more dorsoposteriorly expanded in *Dolichocebus*. It is uncertain whether the other sulci preserved in *Chilecebus* have counterparts in *Dolichocebus* because of inadequate sulcus preservation of the latter.

Among extant platyrrhines, the callitrichines are similar in absolute and relative brain size to *Chilecebus*. The general morphology of the endocast of *Chilecebus* is also very similar to the brains of extant callitrichines, particularly in lateral profile (fig. S5, C to E). The sulcal pattern in callitrichines appears to be among the least specialized of all anthropoids ([@R10]). Typically, only the Sylvian, superior temporal, and rectus sulci are present. In a few species, such as *Callithrix humeralifer* and *Saguinus fuscicollis*, the central, arcuate, and intraparietal sulci are also present. In dorsal view, the Sylvian and superior temporal sulci of callitrichines are usually longer (both absolutely and relatively) than those of *Chilecebus*.

Extant platyrrhines other than callitrichines all have much larger relative and absolute brain sizes than *Chilecebus*. In addition, the brain is much more dorsally expanded in modern platyrrhines than in *Chilecebus*, as highlighted by the comparison between the representative extant platyrrhine *Saimiri sciureus* (fig. S5F) and the low and flat-roofed braincase of *Chilecebus*. The frontal and occipital lobes of *Saimiri* are expanded substantially, as is the region between the frontal and occipital lobes. The temporal lobe of *Saimiri*, however, is proportionally smaller and narrower than in *Chilecebus*. As a result, in *Saimiri*, the portion of the brain below the nasion-opisthocranion axis is considerably smaller than the portion above the axis, opposite to the condition in *Chilecebus*. The sulcal patterns of extant atelids and cebine cebids are more complex than in *Chilecebus*.

Evolutionary change of the encephalization quotient
---------------------------------------------------

The encephalization quotient (EQ) is a widely used index of brain size scaled to body size ([@R19]). Traditionally, allometric brain-body size scaling is determined via linear regression. Sometimes, however, nonrandom associations of traits among species (e.g., between body mass and brain size) are influenced by common ancestry, particularly when the taxa are closely related. Accordingly, phylogenetic considerations must be accounted for in analyzing covariation between traits across taxa ([@R20]). Here, we use phylogenetic generalized least squares (PGLS) analysis to correct for phylogenetic nonindependence between data points (species) ([@R20]). Results show a significant allometric relationship between brain and body mass in anthropoids (Supplementary Materials). The allometric slope for catarrhines is slightly, but insignificantly, steeper than that for platyrrhines (Supplementary Materials).

The EQ derived from PGLS equations is here termed the phylogenetic EQ (PEQ). Crown platyrrhines and nonhominin crown catarrhines exhibit similar PEQ distributions (varying from 0.86 to 3.38 and from 1.60 to 3.89, respectively; [Fig. 2](#F2){ref-type="fig"}). The PEQs of *Dryopithecus*, *Pan*, *Australopithecus*, *Paranthropus*, and *Homo* are much higher (4.65 to 13.46) than in other anthropoids; these five hominids are shown as outliers in the box-and-whisker plot ([Fig. 2](#F2){ref-type="fig"}). The PEQ of *Chilecebus* (0.79) far exceeds those of the stem catarrhine *Catopithecus browni* (0.31) and stem anthropoid *Proteopithecus sylviae* (0.30) but is similar to that of another stem anthropoid *P. grangeri* (0.70) and the stem catarrhine *A. zeuxis* (0.65). It is also close to the range (0.70 to 0.76) of extant tarsiers, the nearest extant outgroup to anthropoids, but lower than that of all crown platyrrhines and catarrhines ([Figs. 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}).

![Notched box-whisker plot of the PEQs of fossil and extant haplorhines.\
Whiskers show the lowest datum within 1.5 interquartile range (IQR) of the lower quartile and the highest datum within 1.5 IQR of the upper quartile. Outliers are shown as circles. For stem anthropoids, stem platyrrhines, and stem catarrhines, individual data points rather than the box and whisker are shown. PGLS regression for all anthropoids \[*x*, ln(body mass); *y*, ln(brain weight); *y* = 0.50*x* − 0.87, *t* = 12.22, and *P* \< 0.001) was used for calculating the PEQs. The PEQs of *Dryopithecus*, *Australopithecus*, *Paranthropus,* and *Homo* are much higher than in other anthropoids, shown as outliers.](aav7913-F2){#F2}

![Evolutionary history of PEQs traced along the phylogenetic tree of fossil and extant haplorhine primates; ancestral states reconstructed using maximum likelihood estimations.\
Both maximum likelihood estimates (numbers ahead of the slashes) and Bayesian inferences (numbers after the slashes) of the states of the most recent ancestors of the Haplorhini, anthropoids, platyrrhines, and catarrhines and the Hominini tribe are shown (summarized from fig. S6).](aav7913-F3){#F3}

The remarkably low PEQs of stem anthropoids are highlighted by mapping these values onto a phylogeny using maximum likelihood estimations and Bayesian inference of the ancestral states at the internal nodes; they even lag the PEQ of the extant tarsiers, the sister group of anthropoids ([Fig. 3](#F3){ref-type="fig"} and fig. S6). The similarly low PEQs of *Chilecebus* and *Aegyptopithecus* almost certainly typify both platyrrhines and catarrhines ancestrally and thus also anthropoids. Crown clade platyrrhines and catarrhines are both typified by substantially higher PEQs, making it difficult to escape the conclusion that these two groups of anthropoids convergently achieved increased levels of encephalization. Some platyrrhines (various cebines, pitheciines, and atelines), some hylobatids, and cercopithecine catarrhines also became even more highly encephalized (PEQs \~3 to 4) independently. Hominids stand out among anthropoids for their extremely high PEQs, the lineage including humans, the Hominini, being particularly notable in this regard (PEQs \>4; [Fig. 3](#F3){ref-type="fig"} and fig. S6).

Although a general trend of increasing PEQ pervades the anthropoid phylogenetic tree, some clades exhibit pronounced PEQ decreases. This "counter-trend" is particularly clear among platyrrhines, with callithrichines, *Alouatta*, *Callicebus*, and some species of *Aotus*, showing significant PEQ drops compared to their sister taxa and inferred ancestral conditions.

Acuity of visual and olfactory systems and relationship with PEQs
-----------------------------------------------------------------

*Chilecebus* has small orbits (average diameter, 9.14 mm) compared to other primates of its body size, suggesting that it almost certainly was diurnal ([@R11]). With an estimated body mass of 583 g ([@R12]), the orbital diameter of *Chilecebus* falls well below that expected for nocturnal primates of similar size ([Fig. 4A](#F4){ref-type="fig"}). The estimated optic foramen area of *Chilecebus* is 1.57 mm^2^. Relative to estimated body mass, it is much smaller than in all other anthropoids ([Fig. 4A](#F4){ref-type="fig"}), including the stem anthropoid *Parapithecus*.

![Relative orbital and optic foramen sizes of fossil and extant haplorhines.\
(**A**) and notched box-whisker plot of the OFIs (**B**) of fossil and extant haplorhine primates. The relative orbital and optic foramen sizes were calculated by dividing the observed values by the expected values calculated from the PGLS regression for ln(orbital area) against ln(body mass) and ln(optic foramen area) against ln(body mass). OFIs were calculated by dividing orbital area by optic foramen area. Whiskers show the lowest datum within 1.5 IQR of the lower quartile and the highest datum within 1.5 IQR of the upper quartile. Outliers are shown as dots.](aav7913-F4){#F4}

The optic foramen index (OFI), the orbital area divided by the optic foramen area, is a measure of retinal summation ([@R21], [@R22]), a reflection of the number of photoreceptor cells in the retina that connect with a single ganglion via vertical pathways ([@R23]); high summation increases light sensitivity (advantageous for nocturnal taxa) while diminishing acuity. Nocturnal haplorhines (*Aotus* and *Tarsius*) have enormous orbits and low OFIs compared to diurnal haplorhines (1.04 to 1.19 for nocturnal haplorhines versus 1.21 to 4.66 for diurnal haplorhines). The OFI of *Chilecebus* (2.40) is more than twice that of nocturnal haplorhines, falling well within the range exhibited by diurnal anthropoids ([Fig. 4B](#F4){ref-type="fig"}). The high OFI of *Chilecebus* implies a much lower degree of retinal summation than in nocturnal haplorhines, and thus diurnal habits.

Mammals with relatively large eyes tend to be more visually acute than smaller-eyed forms ([@R21], [@R22]). Similarly, large optic foramina correlate with greater acuity in primates ([@R21], [@R22]). The relatively small orbits and optic foramina of the stem anthropoid, *Parapithecus*, and the stem platyrrhine, *Chilecebus*, suggest that early anthropoids were less visually acute than their living relatives ([Fig. 4A](#F4){ref-type="fig"}). These data thus suggest that enhanced visual acuity was attained in crown platyrrhines and crown catarrhines independently, an inference that can be illuminated further by similar analyses of stem catarrhines.

The relative sizes of the optic foramen and orbit are positively and linearly correlated with PEQs in haplorhines (Supplementary Materials). The optic foramina and orbits of an outlier, *H. sapiens*, are of moderate size given its body mass, but its PEQ is vastly higher than in all other haplorhines. *Chilecebus* and *Parapithecus* have relatively small optic foramina and orbits, coupled with low PEQs, but they fall within general haplorhine trends. OFIs and PEQs show no clear correlation (Supplementary Materials).

The olfactory bulb, which develops as a small outpocketing of the telencephalon, relays olfactory information captured by the primary olfactory neurons (odor receptors) within the olfactory mucosa---specialized nasal epithelium lining the nasal cavity---to the central nervous system. The stem anthropoid *Parapithecus* and the basal catarrhine *Aegyptopithecus* both have large olfactory bulbs relative to body mass, larger than in extant tarsiers and crown platyrrhines but within the 1.5 interquartile range (IQR) of the upper quartile exhibited by extant catarrhines (fig. S7). In contrast, *Chilecebus* has an unusually small olfactory bulb, estimated as 11.1 mm^3^. Relative to body mass, the olfactory bulb of *Chilecebus* is far smaller than average for extant haplorhines (fig. S7).

Transformation history of brain surface features
------------------------------------------------

We examined 16 surface features of the brain seen in basal anthropoids, mapping them onto the phylogenetic tree based on phenomic features (fig. S1). Results yielded six characters supportive of platyrrhine monophyly and two characters diagnostic of catarrhines ([Fig. 5](#F5){ref-type="fig"}). Parsimony dictates that 12 of the 16 characters arose convergently in platyrrhines and catarrhines ([Fig. 5](#F5){ref-type="fig"}, characters 1, 2, 5, 6, 7, 8, 9, 10, 11, 14, 15, and 16). Notably, five sulci are secondarily lost in callitrichines ([Fig. 5](#F5){ref-type="fig"}, characters 7, 9, 11, 14, and 15), consistent with their generally smooth brains relative to other anthropoids.

![Brain surface characters in tarsier and anthropoids mapped onto phylogeny emphasizing platyrrhine relationships.\
Apomorphic characters are mapped on the phylogenetic tree inferred from Bayesian tip dating based on the total evidence analyses of phenomic and molecular data (fig. S1). Parsimony is used for mapping the characters. Fossil taxa are indicated by † (dagger symbol). Taxa lacking preserved brain surface features are omitted. Thick horizontal bars represent a brain surface character, followed by the character's number (see below), its consistency index, and the state change. Red bars indicate unambiguously optimized. Character codes: (1), relative size of the olfactory bulb: 0, very large; 1, large; and 2, small; (2), overlap of the olfactory bulb by the frontal lobe: 0, less than half; 1, half; and 2, full; (3), expansion of the temporal lobe: 0, absent; 1, present and temporal lobe projects slightly downward; and 2, present and temporal lobe projects downward substantially; (4), Sylvian sulcus: 0, absent; 1, shallow and short; and 2, deep and long; (5), exposure of the piriform lobe in lateral view: 0, very large; 1, small; and 2, absent or very small; (6), degree to which occipital pole overlaps cerebellum: 0, none; 1, partial; and 2, fully; (7), central sulcus: 0, absent and 1, present; (8), sulcus rectus: 0, absent and 1, present; (9), arcuate sulcus: 0, absent and 1, present; (10), superior precentral sulcus: 0, absent and 1, present; (11), intraparietal sulcus: 0, absent and 1, present; (12), caudal part of the sulcus rectus approaches the intraparietal sulcus: 0, yes and 1, no; (13), superior temporal sulcus: 0, absent and 1, present; (14), inferior temporal sulcus: 0, absent and 1, present; (15), lunate sulcus: 0, absent and 1, present; (16), size of cerebellar vermis relative to cerebellar hemisphere: 0, large and 1, small.](aav7913-F5){#F5}

DISCUSSION
==========

As one of the best-known outgroup taxa to crown platyrrhines for craniodental morphology, *Chilecebus* affords an unprecedented opportunity for reconstructing ancestral brain conditions for the extant clade and for understanding the early evolutionary transformations of the anthropoid brain more broadly. Combining data from *Chilecebus*, stem anthropoids, basal catarrhines, and platyrrhines as calibration points permits the assessment of various hypothesized evolutionary patterns of cerebral evolution in anthropoids.

The sensory system and brain are tightly coupled evolutionarily ([@R24]). Development of a specialized visual system and an enlarged brain are hallmarks of primate evolution ([@R24]). Encephalization in primates is correlated with the total amount of visual information received ([@R25]). Here, we use the relative size of the orbit and optic foramen as proxies for total visual input to the brain ([@R25]). PGLS correlations between relative optic foramen size and PEQs, and between relative orbital size and PEQs (Supplementary Materials), indicate that both features are indeed positively correlated with encephalization in anthropoids.

The size of the visual and olfactory centers of the brain is negatively correlated in extant primates, reflecting an ostensible evolutionary "trade-off" between these two regions ([@R24]). It is curious, therefore, that the reduced olfactory bulb in *Chilecebus* is not matched by an enhanced visual system, as reflected by orbit and optic foramen size. The olfactory bulb, orbit, and optic foramen of *Chilecebus* are all smaller (scaled to body size) than the modern anthropoid average. The lack of a statistically significant PGLS relationship between relative olfactory bulb and optic foramen size, or between relative olfactory bulb and orbital size, thus indicates that the visual and olfactory systems are less tightly coupled evolutionarily in primates than is widely assumed ([@R24]), with changes occurring essentially independently of each other. In addition, PGLS analysis fails to show a significant correlation between relative olfactory bulb size and PEQs in anthropoids. Even if a trend toward reduction of the olfactory system in primates exists, it is unrelated to changes in visual acuity or the degree of encephalization.

Encephalization increases in mammals have been ascribed to two potential causes. One view holds that (apart from the olfactory bulb) the size of brain subdivisions, from the medulla to the forebrain, is highly but nonlinearly correlated with total brain mass ([@R26]). Corollaries of this view are that most major brain subdivisions covary in size and that taxonomic factors and body mass are of little consequence to encephalization. Furthermore, this view suggests that brain ontogeny is conservative across most mammal groups, potentially constraining the scaling of its components during growth. The opposing view contends that anatomical and functional components of the brain are only loosely constrained developmentally and have evolved mosaically ([@R24], [@R27]). Perhaps the most compelling evidence favoring this view of primate brain evolution is the pronounced enlargement of the neocortex independently of other parts of the brain; accounting for scaling relationships with other brain structures, the neocortex is roughly five times more voluminous in primates than in insectivores ([@R24]).

Another observation favoring a highly plastic model of brain evolution concerns the scaling patterns of major subdivisions. Comparisons of the endocasts of *Chilecebus*, *Parapithecus*, *Aegyptopithecus*, *Dolichocebus*, and extant anthropoids indicate that various regions of the brain independently expanded within various clades over the group's history. In contrast to expectations of the correlated size view, the major brain subdivisions of these early anthropoids exhibit no consistent scaling pattern relative to the overall brain size and thus appear to have transformed independently and in a mosaic fashion.

Proponents of the mosaic scenario suggest that areas of the primate brain modified late in ontogeny correspond to historically recent evolutionary shifts, while the more stable "core" areas established at early developmental stages reflect phylogenetically ancient stages of brain evolution ([@R28]). Extrapolating from cortical maps of extant anthropoids, the cortical regions of *Chilecebus* were likely well delimited (including primary and secondary visual areas, middle temporal area, and inferior temporal area), judging from its moderately expanded occipital and temporal lobes. These areas were likely already as advanced in *Chilecebus* as they are in contemporary anthropoids. The little expanded saddle-shaped parietal lobe of *Chilecebus*, on the other hand, argues that some areas forming during late developmental stages in extant anthropoids (e.g., the dorsomedial and third and fourth visual areas in the parietal lobe) may have been small or absent in stem platyrrhines.

Many gross anatomical features of anthropoid brains, including sulcal patterns and cortical expansion, appear to have originated in platyrrhines and catarrhines independently ([@R29]), a view generally consistent with the findings presented here. Others, including expansion of the frontal and occipital lobes and abundant sulci, originated convergently across different anthropoid subclades. The few brain features identified here (via phylogenetic optimization) as having been present in the last common ancestor of crown anthropoids include downward expansion of the temporal lobe, a central sulcus, and a deep Sylvian sulcus.

Although primates are widely assumed to have undergone an evolutionary trend of generally increasing brain size, recent work suggests that the pattern of encephalization is actually far more complex, involving brain size increases as well as decreases within all major primate clades ([@R27]). As shown above, anthropoid encephalization, as reflected in PEQ changes, has increased and decreased multiple times independently. Secondary decreases in relative brain size also are associated with simplification of sulcal patterns, at least in the case of callitrichines.

Here, we have shown that, except for in hominins, PEQs differ little across crown anthropoid lineages, whereas stem anthropoids, stem platyrrhines, and stem catarrhines all have lower PEQs. Brain size increase in hominins, however, was extraordinary and rapid. Within less than 7 Ma, PEQs of the lineage including humans and their nearest fossil allies had nearly tripled (from 4.63 to 13.64), while changes in the PEQs of their extant sister taxon, chimpanzees, were far more subdued. Profound encephalization in the human lineage has molecular correlates: Genes of the nervous system exhibit a more dynamic pattern of molecular evolutionary change in humans than in chimpanzees and other primates ([@R30]--[@R32]). Collectively, these observations imply that evolutionary change of the nervous system is driven by fundamentally different pressures in the human lineage than in other anthropoids.

MATERIALS AND METHODS
=====================

High-resolution CT scanning was performed at the Center for Quantitative Imaging at Pennsylvania State University using the X-TEK x-ray system. *Chilecebus* was scanned in the coronal plane. The dataset consisted of a 16-bit grayscale volume of 1024 × 1024 × 1148 voxels. Voxel dimensions were 0.04 × 0.04 × 0.04641 mm. Segmentation and 3D reconstruction processes followed procedures described elsewhere ([@R33]). VGStudio Max 2.2 was used for 3D visualization.

We used both Bayesian tip dating and parsimony-based criterion to infer the phylogeny. The PEQ, developed for this study, is the ratio between the actual (*E*~a~) and expected (*E*~e~) brain size for a species of a given body mass from allometric brain-body mass scaling from PGLS regression of data from living anthropoids ([Fig. 3](#F3){ref-type="fig"}). PEQ = *E*~a~/*E*~e~, where *E*~e~ = 0.42(body mass)^0.50^.

Relative orbit, optic foramen, and olfactory bulb size were defined as the quotients of the observed values and the expected values derived from PGLS fittings for the allometric relationships of orbit area against body mass, optic foramen area against body mass, and olfactory bulb weight against body mass. We optimized brain surface characters onto the Bayesian tip dating tree under a parsimony ACCTRAN framework using PAUP\* ([@R34]) to determine transformation sequences.
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